Background {#Sec1}
==========

Breast cancer remains a major health burden worldwide, despite many improvements in diagnostics and development of a wide range of novel treatment options. It remains the most commonly diagnosed cancer among women, affecting one out of four, and is the second leading cause of cancer-related deaths after lung cancer \[[@CR1]\]. Breast cancer is a heterogeneous disease and requires tailored treatment based on distinct tumor features. Based on the expression of 3 biomarkers (estrogen receptor ER, progesterone receptor PR and human epidermal growth factor receptor Her2), we can classify breast cancer into 4 major intrinsic molecular subtypes; luminal A (ER + or PR + , Her2 −), luminal B (ER + or PR + , Her2 +), Her2 + (ER −, PR −, Her2 +) and triple negative (ER −, PR −, Her2 −) breast cancer \[[@CR2], [@CR3]\]. Each of these subtypes is characterized by a distinct gene expression profile, and is associated with a different prognosis and metastasis profile. Triple negative breast cancer (TNBC) is associated with the worst clinical outcome with patients facing an excess mortality accounting for one-third of all breast-cancer related deaths \[[@CR4]\]. The poor prognosis of TNBC results from its inherent aggressive nature and from the lack of specific therapeutic options for these patients. Systemic therapy is limited to standard anthracycline and taxane-based chemotherapy since the absence of ER, PR and Her2 expression precludes targeted therapy. Despite a complete pathological response in 30% of patients, the majority will relapse and develop brain and lung metastases within 3--5 years after diagnosis \[[@CR5]\]. These poor prospects justify the need for new targeted treatments for TNBC and validate the ongoing efforts to identify novel biomarkers for residual disease and metastasis. Several promising therapeutic agents are currently in clinical trial, including Poly (ADP-ribose) Polymerase (PARP) inhibitors, Src inhibitors, and anti-angiogenic and anti-Epidermal Growth Factor Receptor (EGFR) agents \[[@CR6]\]. However, none of these regimens are effective in treating all cancer cases and further studies are undertaken to identify subgroups of patients that may benefit more from targeted treatments. Although TNBC is clinically treated as 1 subtype of breast cancer, molecularly it can be further subdivided into 6 groups; a basal-like 1, basal-like 2, immunomodulatory, mesenchymal, mesenchymal-stem like and a luminal androgen receptor group \[[@CR7]\]. It has been reported that the rate of pathological complete response after neo-adjuvant chemotherapy differs greatly between TNBC subgroups, suggesting that the residual disease burden may vary considerably between subtypes thereby conferring different risks of relapse and metastasis \[[@CR8]\]. Hence, the search for biomarkers to predict the presence of minimal residual disease and the risk of metastasis remain the focus of many studies on triple negative breast cancer.

PReferentially Antigen expressed in MElanoma (PRAME), otherwise known as cancer testis antigen 130 (CT130), MAPE (melanoma antigen preferentially expressed in tumors) and OIP4 (OPA-interacting protein 4) is a member of the cancer testis antigen (CTA) family. PRAME expression in normal somatic tissues is epigenetically restricted to adult germ cells with low expression in the testis, epididymis, endometrium, ovaries and adrenal glands \[[@CR9], [@CR10]\]. Similar to the CTA member NY-ESO-1, PRAME was identified as an immunogenic tumor-associated antigen in melanoma, and since its discovery its expression has been demonstrated in a variety of solid and hematological malignancies including triple negative breast cancer \[[@CR11]--[@CR20]\]. Several studies showed that upregulation of PRAME expression in various types of malignancies appears to be linked to promoter DNA hypomethylation, in which treatment with the DNA methyltransferase inhibitors including 5-aza-2′-deoxycytidine (5-azaC) induces PRAME expression \[[@CR9], [@CR21]--[@CR23]\]. A recent study showed that PRAME expression can be induced by the transcription factor myeloid zinc finger 1 (MZF1) in cooperation with DNA hypomethylation, which can be further enhanced using 5-azaC \[[@CR24]\]. Aberrant expression of PRAME has been associated with poor prognosis and increased risk of metastasis in many solid tumors, whereas it has been found to predict a more favorable outcome in acute myeloid and lymphoblastic leukemia \[[@CR25]--[@CR32]\]. Although PRAME expression has been linked with poor survival and a higher risk of metastasis in solid tumors, its biological role in cancer is not well understood. Experimental evidence in melanoma demonstrates that PRAME is a dominant repressor of the retinoic acid signaling pathway, thereby inhibiting retinoic acid-induced differentiation, cell cycle arrest and apoptosis \[[@CR33]\]. Additional reports in a wide range of cancers suggest that PRAME induces cell proliferation, inhibits apoptosis and reduces cytotoxic drug sensitivity \[[@CR34]--[@CR37]\]. To date, very little data is available on the role of PRAME in regulating metastasis. Contrary to the clinical association of PRAME expression with increased risk of metastasis, the sparse experimental evidence suggests that PRAME inhibits metastasis, albeit the underlying mechanisms remain elusive \[[@CR38], [@CR39]\].

Therefore, the present study aimed to provide more compelling data on the role of PRAME in metastasis. More specifically, we explored the molecular function of PRAME in cell migration and invasion of triple negative breast cancer cells. This is the first in vitro study to investigate the role of PRAME in metastasis of triple negative breast cancer by manipulating its expression using 2 different approaches, either by silencing or overexpressing PRAME. We found that PRAME significantly increases both the migratory and invasive potential of triple negative breast cancer cells. In addition, we show here that PRAME is involved in the regulation of the epithelial-to-mesenchymal transition (EMT), as demonstrated by changes in several EMT-associated genes. PRAME overexpression increased the protein expression of the mesenchymal marker vimentin, and induced a redistribution of the epithelial cell--cell adhesion protein E-cadherin from the cell surface to punctate intracellular structures. In addition, PRAME induced the expression of the key EMT-driver ZEB1 and of several EMT-associated genes that are involved in transcriptional regulation and inhibition of apoptosis such as SOX10, FOXC2, JAG1, TCF4, TWIST1, WNT11, SNAI1 and PDGFRB, while reducing the expression of BMP7 and TSPAN13. Together, our results suggest that PRAME holds potential as a biomarker for metastasis in TNBC, and warrant further investigation into PRAME as a therapeutic target.

Methods {#Sec2}
=======

Cell culture {#Sec3}
------------

The triple negative breast cancer cell lines MDA-MB-468 and BT549 were purchased from the American Tissue Culture Collection (ATCC). MDA-MB-468 cells were maintained in Dulbecco's Modified Eagle's Medium (Gibco-BRL) supplemented with 10% (v/v) Fetal Bovine Serum (Hyclone US origin, GE Lifescience), 50 U/ml penicillin and 50 μg/ml streptomycin (Gibco-BRL). BT549 cells were maintained in ATCC-formulated Roswell Park Memorial Institute 1640 medium (Gibco-BRL) supplemented with 10% (v/v) Fetal Bovine Serum (Hyclone US origin, GE Lifescience), 50 U/ml penicillin and 50 μg/ml streptomycin (Gibco-BRL), and 0.023 IU/ml insulin (Sigma-Aldrich). All cells lines were maintained in a in a humidified incubator at 37 °C, 5% CO2 and regular mycoplasma testing was performed using a PCR-based assay.

Transcriptomic analysis of PRAME expression in public datasets {#Sec4}
--------------------------------------------------------------

We mined the public data repositories of The Cancer Genome Atlas (TCGA) and the Genotype-Tissue Expression (GTEx) program for transcriptomic data on PRAME in normal and cancerous tissues. We used the Gene Expression Profiling Interactive Analysis (GEPIA) (<http://gepia.cancer-pku.cn/index.html>) platform for batch data processing and visualization \[[@CR40]\]. Box plots were generated to compare PRAME expression between corresponding tumor and normal tissues, and Kaplan--Meier survival curves were obtained for PRAME expression in breast cancer.

Gene ontology enrichment analysis of differentially expressed EMT-related genes {#Sec5}
-------------------------------------------------------------------------------

We conducted enrichment analysis of gene ontology using the Database for Annotation, Visualization and Integrated Discovery (DAVID) (<https://david.ncifcrf.gov/tools.jsp>). Differentially expressed EMT-related genes were subjected to enrichment analysis for biological process or disease with p ≤ 0.05 and enrichment gene count \> 2.

Stable overexpression of PRAME in MDA-MB-468 cells {#Sec6}
--------------------------------------------------

Adherent MDA-MB-468 cells were transduced at 80% confluency with purified PRAME lentiviral particles (pReceiver-Lv203, GeneCopoeia) or purified negative control lentiviral particles (LPP-NEG-Lv105-100, GeneCopoeia). After 72 h, transduced MDA-MB-468 cells were maintained under 0.5 µg/ml puromycin (Sigma-Aldrich) selection. Overexpression of PRAME was assessed by real time qRT-PCR, western blot, and immunofluorescence.

Transient silencing of PRAME in BT549 cells {#Sec7}
-------------------------------------------

PRAME siRNA \#1--4 smartpool (siGENOME SMARTpool, M-012188-00-0010) and control siRNA \#1--4 smartpool (siGENOME Non-Targeting siRNA Pool\#1, D-001206-13-20) were purchased from Dharmacon. Adherent cells were transfected at 60--70% confluency with 10 nM siRNA \#1--4 and DharmaFect 1 (Dharmacon) following the manufacturer's instructions. Silencing of PRAME was assessed by real time qRT-PCR, western blot, and immunofluorescence 48--72 h after transfection.

RNA isolation and cDNA synthesis {#Sec8}
--------------------------------

Total RNA was isolated using the PureLink RNA Mini kit (Ambion) following the manufacturer's protocol. The RNA quantity and purity was assessed by Nanodrop measurement. Reverse transcription of 1 µg RNA was performed using MMLV-Superscript and random hexamers resulting in a final concentration of 50 ng/µl cDNA.

Quantitative real-time RT-PCR {#Sec9}
-----------------------------

Real time qRT-PCR was conducted using 50 ng cDNA and the cycle conditions were as following: 50 °C for 2 min, then 95 °C for 10 min and followed by 40 amplification cycles (95 °C for 15 s, 60 °C for 1 min). Specific 5′FAM-3′MGB Taqman gene expression primer/probe sets were purchased from Applied Biosystems to determine the mRNA expression of PRAME (Hs01022301_m1), TWIST1 (Hs01675818_s1), ZEB1 (Hs00232783_m1), MMP2 (Hs01548727_m1) & MMP9 (Hs00957562_m1). Expression levels were normalized to the housekeeping gene RPLPO (4333761F).

EMT RT2 Profiler™ PCR array {#Sec10}
---------------------------

Differential expression of EMT-associated genes was analyzed using the EMT RT2 profiler PCR array (Qiagen, PAHS-090) according to the manufacturer's guidelines, and analysed using the online RT^2^ Profiler PCR Array Data Analysis Tool (Qiagen). Expression was normalized to the housekeeping gene RPLPO, and the threshold value for differential expression was defined as log~2~(FC) ≥ 1.5 or log~2~(FC) ≤  − 1.5.

Western blotting {#Sec11}
----------------

Cells were lysed using RIPA lysis buffer (Pierce) containing Complete EDTA-free protease inhibitor cocktail mix (Thermo). Cell lysates were incubated on ice for 15 min, and centrifuged at 14,000 rpm for 15 min. Supernatants were collected and total protein content was determined using the BCA protein assay (Pierce). Protein samples were reduced and denatured in 5× Laemmli sample buffer and equal amounts of protein were loaded onto a 4--15% TGX gel (BioRad). Next, proteins were transferred onto 0.2 µm polyvinylidinedifluoride membranes (BioRad). The membranes were blocked in 5% non-fat dried milk/Tris-buffered saline and 0.1% Tween-20 for 1 h at room temperature, and washed with Tris-buffered saline and 0.1% Tween-20. Next, the membranes were incubated overnight at 4 °C with the following primary antibodies diluted in 5% non-fat dried milk/Tris-buffered saline and 0.1% Tween-20: rabbit anti-PRAME (Thermo, \#PA5-1367, 1:500), mouse anti-ECadherin (Abcam clone M168, \#ab76055, 1:1000), mouse anti-NCadherin (Cell Signaling technologies clone 13A9, \# 14215S, 1:1000), rabbit anti-vimentin (Cell Signaling technologies clone D21H3, \#5741, 1:1000), rabbit anti-ZEB1 (Cell Signaling technologies clone D80D3, \#3396, 1:1000), rabbit anti-SNAI1 (Cell Signaling technologies clone C15D3, \#3879, 1:1000), rabbit anti-TWIST1 (Cell Signaling technologies, \#46702, 1:1000) and rabbit anti-βactin (Cell Signaling technologies clone 13E5, \#4970, 1:1000). Membranes were washed three times with Tris-buffered saline and 0.1% Tween-20 for 15 min each, probed with horseradish peroxidase-conjugated secondary antibodies (Jackson ImmunoResearch 1:10,000) for 1 h at room temperature and washed four times with Tris-buffered saline and 0.1% Tween-20 for 5 min each. Bound antibodies were detected using ECL Plus or ECL Supersignal-West Femto (Pierce). Densitometry analysis was performed using Fiji software.

Immunofluorescence {#Sec12}
------------------

Cells were seeded on Poly-[d]{.smallcaps}-Lysine coated coverslips (Corning) and 24 h later fixed with 4% paraformaldehyde (ChemCruz). Cells were permeabilized using phosphate-buffered saline with 1% bovine serum albumin and 0.1% Triton-X100 for 10 min, followed by blocking in phosphate-buffered saline with 10% bovine serum albumin for 30 min. Next, the cells were incubated with primary antibodies for 1 h at room temperature, followed by two wash steps of 30 min each and incubated with Alexa Fluor 488 or Alexa Flour 555-labelled secondary antibodies (Cell Signaling Technologies, 1:500) for 1 h at room temperature. The primary antibodies used were as following; rabbit anti-PRAME (Thermo, \#PA5-13679, 1:100), mouse anti-ECadherin (Cell Signaling technologies clone 4A2, \#14472, 1:100) and rabbit anti-vimentin (Cell Signaling technologies clone D21H3, \#5741, 1:100). Cell nuclei were visualized with DAPI (Thermo) and cells were mounted using Prolong Gold Antifade reagent (Invitrogen). Images were captured using an upright fluorescent microscope (Zeiss Axioimager, 40× objective), equipped with acquisition and analyses software.

Wound healing assay {#Sec13}
-------------------

Cells were plated in 12 well plates and grown to confluency overnight. Using a p10 pipette tip a scratch was made in each cell monolayer, and the cells were cultured in complete medium for 17 h. For transient silencing of PRAME, the scratch was made 48 h after transfection. Images were taken at 0 h and 17 h after wounding, and analyzed using ImageJ/Fiji software and the MRI wound healing tool. Wound closure at 17 h was defined as a percentage of the original wound area.

Cell migration assay {#Sec14}
--------------------

Cell migration was performed using the QCM™ 24-well colorimetric cell migration assay (Millipore, Cat. No. ECM508) according to the manufacturer's protocol. The cells were serum starved for 24 h prior to the assay. Next, cells were seeded in the inserts in FBS-free medium with 5% BSA, and medium with 10% FBS was added to the lower chambers as a chemoattractant. For the BT549 PRAME silenced cell line model, the cells were harvested and seeded on the inserts 48 h after transfection. Finally, the cells were allowed to migrate for 24 h, after which the non-migrated cells were removed with a cotton swab, migrated cells were stained, pictures of the stained inserts were taken and the rate of cell migration was determined by colorimetric measurement at 560 nm.

3D inverted invasion assay {#Sec15}
--------------------------

Cell invasive capabilities were assessed using a 3D inverted invasion assay. A suspension of 5--6 mg/ml Matrigel or 2 mg/ml collagen I (First Link) was transferred to 8 µm pore Transwell™ inserts (Corning) to polymerise at 37 °C, 5% CO~2~. Next, inserts were inverted and cells were seeded on the underside of the membrane, left to adhere, followed by gentle washing to remove non-adherent cells. The transwell inserts were placed into a clean 24-well plate containing serum-free medium, medium supplemented with 10% FBS was added on top of the matrix to provide a chemotactic gradient and cells were allowed to invade for 72 h. Cells were stained with 4 µM Calcein-AM (Sigma-Aldrich) and visualised by confocal microscopy. For each transwell, 3 fields of view were selected and serial optical sections were imaged at 15 µm intervals giving a total of 9 fields of view for each experimental condition. The rate of invasion was quantified using ImageJ/Fiji and the Area Calculator plugin as the percentage of invasion beyond 30 μm compared to the total fluorescence intensity of all cells within the gel.

Matrigel Boyden Chamber invasion assay {#Sec16}
--------------------------------------

Cell invasion through Matrigel was further investigated using the 8 µm QCM ECMatrix Cell Invasion Assay (Millipore, Cat. No. ECM550). Cells were seeded in serum-free medium in the top chamber, and medium supplemented with 10% FBS was added to the bottom chamber. Cells were allowed to invade through the Matrigel-coated membrane for 72 h, followed by staining with crystal violet. Images of the stained inserts were taken and the rate of invasion was determined by colorimetric measurement at 560 nm.

Statistics {#Sec17}
----------

Data were analyzed using the 2-tailed unpaired t test and are represented as mean ± SEM unless stated otherwise. Normality of data was assessed using the D'Agostino-Pearson normality test.

Results {#Sec18}
=======

PRAME expression in breast cancer {#Sec19}
---------------------------------

We interrogated the TCGA pan-cancer and GTEx data repositories for *PRAME* mRNA expression using the Gene Expression Profiling Interactive Analysis (GEPIA) interactive web server \[[@CR40]\]. We found an increased expression of *PRAME* in cancer tissues compared to the corresponding normal tissues for the most common cancer types among women worldwide (breast cancer, colorectal cancer, lung cancer) in addition to its well-known upregulation in melanoma (Fig. [1](#Fig1){ref-type="fig"}a). In contrast, *PRAME* expression was downregulated in acute myeloid leukemia, where it has been reported to be associated with a more favorable outcome. Next, we explored the association of *PRAME* with clinical outcome in the TCGA breast cancer dataset and found that *PRAME* expression correlated significantly with a shorter overall survival and to a lesser extent with a shorter disease-free survival (Fig. [1](#Fig1){ref-type="fig"}b).Fig. 1PRAME expression in common malignancies and association with survival in breast cancer. **a** *PRAME* mRNA expression across the most common human malignancies comparing expression in tumor (T, red) and normal (N, grey) tissue. Boxplot represents Median and IQR. \*p ≤ 0.05, One-way ANOVA with log~2~FC cutoff ≥ 1.5 or ≤ − 1.5. SKCM, Skin Cutaneous Melanoma; BRCA, breast invasive carcinoma; COAD, colon adenocarcinoma; LUAD, lung adenocarcinoma; LUSC, lung squamous cell carcinoma; LAML, acute myeloid leukemia. **b** Kaplan--Meier curves for overall and disease-free survival of *PRAME* expression in breast cancer. Patients were classified into subgroups with low (n = 531) or high (n = 534) expression defined as lower or as higher than median *PRAME* mRNA expression. p-value obtained by log-rank test

PRAME cell line models {#Sec20}
----------------------

In order to study the role of PRAME in triple negative breast cancer, PRAME expression was manipulated by transient silencing in BT549 cells and stable overexpression in MDA-MB-468 cells. PRAME expression was significantly decreased after silencing, and increased after transduction with the PRAME-GFP lentiviral vector as confirmed by qPCR and western blotting (Fig. [2](#Fig2){ref-type="fig"}a, b). Using immunofluorescence, we could detect PRAME expression in both the nucleus and cytoplasm of both cell line models (Fig. [2](#Fig2){ref-type="fig"}c).Fig. 2PRAME mRNA and protein expression in silenced and overexpressing TNBC cell line models. **a** Relative *PRAME* mRNA expression, normalized to the housekeeping gene RPLPO. **b** Representative picture and densitometric quantification of PRAME protein expression, as determined by western blot. \*p ≤ 0.05. **c** Representative immunofluorescence pictures of PRAME localization. Magnification ×40. DAPI, blue; PRAME, red. Insert at 130% zoom

PRAME induces migration of TNBC cells {#Sec21}
-------------------------------------

The reportedly ambiguous role of PRAME in the migratory behavior of cancer cells was assessed in triple negative breast cancer using 2 different methodologies; the wound healing assay and a Boyden chamber migration assay. Using both techniques, we found that silencing of PRAME reduced tumor cell migration by an average of 40% (Fig. [3](#Fig3){ref-type="fig"}a), while overexpression of PRAME increased the migratory potential of TNBC cells by an average of 60% (Fig. [3](#Fig3){ref-type="fig"}b).Fig. 3PRAME alters migratory potential of triple negative breast cancer cells. Migratory ability of **a** TNBC cells treated with siCTR or siPRAME for 72 h or **b** TNBC cells stably transduced with control vector or a vector encoding full length PRAME. Migration potential was measured by both the wound closure assay and the QCM™ 24-well colorimetric cell migration assay (Boyden chamber principle). \*\*p \< 0.01, \*p \< 0.05, n = 3 biological replicates

PRAME facilitates invasion of TNBC cells {#Sec22}
----------------------------------------

We interrogated the role of PRAME in invasion as an in vitro model for metastasis. Similar to the migration analyses, we utilized two different methodologies to assess the invasive potential of TNBC cells. Using a 3D inverted invasion assay as well as a Boyden chamber invasion assay, we found that PRAME overexpression increases the invasion of TNBC cells through Matrigel, a model for extravasation into the blood circulation (Fig. [4](#Fig4){ref-type="fig"}). More prominent differences in Matrigel invasion were observed using the inverted invasion assay, supporting the role of active invasion of individual cancer cells. We did not observe any significant differences in invasion through collagen type I, suggesting that PRAME might not be involved in local invasion of TNBC (data not shown). Single and EMT array qPCR analysis of the matrix metalloproteinases MMP2 and MMP9, key mediators of blood vessel basement membrane degradation and metastasis, revealed an average threefold upregulation of *MMP2* mRNA expression but not of *MMP9* (data not shown). Further analysis determining the enzyme activity of MMP2 and MMP9 are currently undertaken.Fig. 4PRAME overexpression mediates invasion through 3D Matrigel. **a** Inverted Matrigel invasion of TNBC cells stably transduced with control vector or full-length PRAME. Live cells were visualized using Calcein-AM and serial optical sections were acquired at 15 μm intervals, with increasing depth from left to right. Rate of invasion beyond 30 μm, indicated by red line, was quantified in 3 fields of view/biological replicate (n = 3). \*\*p \< 0.01. **b** Matrigel Boyden Chamber invasion assay of TNBC cells stably transduced with control vector or full-length PRAME, performed in QCM ECMatrix Cell Invasion Assay. \*p \< 0.05, n = 3 biological replicates

Silencing of PRAME attenuates the mesenchymal phenotype of TNBC cells {#Sec23}
---------------------------------------------------------------------

Given the inherent mesenchymal phenotype of triple negative breast cancer cells, we determined the expression of the mesenchymal marker vimentin and the epithelial marker E-cadherin in relation to PRAME expression (Fig. [5](#Fig5){ref-type="fig"}a). We found that vimentin protein expression was significantly reduced after silencing of PRAME, and increased upon PRAME overexpression. Silencing of PRAME in BT549 cells induced cadherin switching, as demonstrated by a decrease in N-cadherin expression in the absence of significant changes in E-cadherin expression. Interestingly, overexpression of PRAME in MDA-MB-468 cells significantly reduced the levels of mature E-cadherin and induced a redistribution of E-cadherin from the cell surface to punctate perinuclear and cytosolic structures (Fig. [5](#Fig5){ref-type="fig"}b). N-cadherin protein expression of MDA-MB-468 cells was too low to be detected, although we observed a twofold upregulation in mRNA expression after PRAME overexpression using the EMT RT^2^ Profiler PCR Array (data not shown). Concomitantly, PRAME overexpression induced a 1.7-fold increase in fibronectin mRNA expression (data not shown).Fig. 5PRAME induces an epithelial-to-mesenchymal transition towards a more mesenchymal phenotype. **a** Protein expression and densitometric quantification of epithelial (E-Cadherin) and mesenchymal (Vimentin, N-Cadherin) markers in PRAME TNBC cell line models. N-Cadherin expression could not be detected in the MDA-MB-468 cell line. \*p ≤ 0.05; \*\*p ≤ 0.01. **b** Representative **i**mmunofluorescence image of E-cadherin, demonstrating subcellular redistribution in PRAME overexpressing cells. Magnification ×40. DAPI, blue; E-Cadherin, green. Insert at 130% zoom

PRAME regulates the expression of multiple EMT-related genes {#Sec24}
------------------------------------------------------------

In order to better understand how PRAME can alter the migratory behavior and mesenchymal phenotype of TNBC cells, we investigated whether PRAME is involved in the regulation of EMT-related genes. Using the EMT RT^2^ Profiler PCR Array, we determined the mRNA expression levels of 84 key genes that are altered during EMT; including signal transduction pathway molecules and genes involved in differentiation and development, cell morphogenesis, cell growth and proliferation, cell migration and motility, cytoskeleton regulation, and adhesion. Using a threshold of log~2~FC ≥ 1.5 or log~2~FC ≤ − 1.5, overexpression of PRAME induced the expression of 11 EMT-related genes (*SNAI1*, *TCF4*, *TWIST1*, *FOXC2*, *IL1RN*, *MMP2*, *SOX10*, *WNT11*, *MMP3*, *PDGFRB*, *JAG1*), while reducing the expression of 2 EMT-related genes (*BMP7* and *TSPAN13*) (Fig. [6](#Fig6){ref-type="fig"}a). Gene ontology enrichment analyses revealed that the upregulated genes are not only involved in promoting epithelial-to-mesenchymal transition and cell migration but also play a role in transcriptional regulation and inhibition of apoptosis (Fig. [6](#Fig6){ref-type="fig"}b). Many of the upregulated genes encode for transcription factors that play a role in Notch and Wnt signaling, which are often dysregulated in cancer. GO-disease inference revealed frequent aberration of the PRAME-differentially expressed genes in ovarian and esophageal cancer, suggesting that PRAME and its effectors may also play a role in these solid cancer types. Indeed, further analyses of TCGA and GTEx data showed that PRAME expression is also upregulated in ovarian and esophageal cancer tissues compared to their normal counterparts (Fig. [6](#Fig6){ref-type="fig"}c).Fig. 6PRAME plays a role in gene expression reprogramming during epithelial-to-mesenchymal transition. **a** PRAME overexpression results in upregulation of 11 and downregulation of 2 EMT-related genes as determined by the EMT RT2 Profiler qPCR assay. **b** Gene ontology analyses of PRAME-associated upregulated genes according to enrichment for biological processes and disease-inference. **c** TCGA and GTEx data analysis of *PRAME* mRNA expression in esophageal and ovarian cancer using the GEPIA web server. T, tumor (red); N, normal (gray). Boxplot represents median and IQR. \*p \< 0.05, One-way ANOVA with log~2~FC cutoff ≥ 1.5 or ≤ − 1.5

PRAME alters the expression of EMT-transcription factors {#Sec25}
--------------------------------------------------------

Next, we investigated whether PRAME can induce EMT by regulating the expression of EMT transcription factors. RNA expression of 16 EMT-specific TFs revealed that overexpression of PRAME induced the RNA expression of *TCF4*, *TWIST1*, *FOXC2*, *SOX10*, *TCF3*, *ZEB2*, *ZEB1*, *SNAI2*, *STAT3*, *GEMIN2* and *GSC* (Fig. [7](#Fig7){ref-type="fig"}a). Out of 11 EMT TFs; *FOXC2*, *SOX10*, *TCF4* and *TWIST1* showed an increase in expression of minimum 2.5-fold or log~2~FC ≥ 1.5. Since TWIST1 together with ZEB1 are reported to be the core EMT-driving factors, we confirmed changes in mRNA expression by single qRT-PCR assays (data not shown) and further explored their expression patterns at the protein level. We found that PRAME overexpression increased protein expression of ZEB1 whereas silencing of PRAME reduced the protein expression of both ZEB1 and TWIST1 (Fig. [7](#Fig7){ref-type="fig"}b). Despite a sixfold increase in *TWIST1* mRNA expression after PRAME overexpression, we could not detect any changes in TWIST1 protein levels.Fig. 7PRAME induces the expression of several epithelial-to-mesenchymal transition transcription factors. **a** PRAME overexpression results in upregulation of 4 EMT-transcription factors as determined by the EMT RT2 Profiler qPCR assay. **b** Protein expression of TWIST1 and ZEB1 in PRAME TNBC cell line models

Discussion {#Sec26}
==========

PRAME re-expression has been demonstrated in several solid and hematological cancers, driving clinical trials investigating PRAME as an immunotherapeutic target. However, the biological function and molecular mechanisms of PRAME are not completely elucidated. Compelling evidence exists on its role as a dominant repressor of retinoic acid receptor signaling thereby inhibiting retinoic acid-induced differentiation, cell cycle arrest and apoptosis \[[@CR11], [@CR33]\]. Further, PRAME has been shown to increase cell proliferation and inhibit apoptosis in various cancer models \[[@CR34]--[@CR36], [@CR41]\]. However, the role of PRAME in migration and invasion---an important hallmark of cancer progression---remains elusive. In the present study, we provide experimental evidence that PRAME exerts its tumor-promoting function in part by increasing the cancer cell's motility, hence possibly enhancing its metastatic abilities. In line with this, we and others have demonstrated that PRAME expression is associated with advanced disease and poor disease-free and overall survival.

Using several approaches, we show here that PRAME expression increases the cell motility of triple negative breast cancer cells. PRAME overexpression significantly increased both cell migration and invasion, while silencing of PRAME markedly reduced cell migration. Next, we sought to evaluate whether these changes in migratory behaviour were induced by an epithelial-to-mesenchymal transition. Overexpression of PRAME increased the expression of the mesenchymal marker vimentin and induced a re-distribution of the epithelial marker E-cadherin from the cell surface to punctate cytosolic structures. Silencing of PRAME on the other hand reduced vimentin expression and induced a cadherin switch with a reduction in N-cadherin expression. Together, these findings suggest that PRAME is involved in promoting EMT towards a more motile, mesenchymal phenotype. This is in stark contrast to the sole 2 studies to date exploring the role of PRAME in EMT and invasion \[[@CR38], [@CR39]\]. In those 2 studies, silencing of PRAME reduced E-cadherin expression and promoted invasion in addition to increasing cell proliferation and inhibiting apoptosis. The discordance between our findings could in part be caused by the use of different cell lines, representing distinct cancer types and TNBC (sub)types which are associated with different gene expression patterns and clinical outcome \[[@CR7], [@CR8]\]. Our study focused on triple negative breast cancer cell lines from the basal-like (MDA-MB-468) and mesenchymal (BT549) subtype, whereas the studies by Xiao J et al. investigated 1 TNBC cell line of the mesenchymal stem-like (MDA-MB-231) subtype in addition to a non-TNBC cell line (MCF7) and 2 lung cancer cell lines (PC9 and A549). Differences in our findings may also be explained partly by variations in methodology. While we assessed changes in cell motility and EMT after 48--72 h, they determined the rate of invasion 24 h after silencing which could lead to different results due to temporal variations in cell motility dynamics. Furthermore, differences in experimental design could also contribute to the contradictory increase in cell proliferation and inhibition of apoptosis they observed after PRAME knockdown as compared to what has been reported by others \[[@CR34]--[@CR36]\].

In order to validate our findings and to gain insight into the molecular mechanisms underlying the EMT induction by PRAME, we performed an in-depth analysis of 84 EMT-related genes. We found that PRAME overexpression in triple negative breast cancer cells resulted in an upregulation of 11 genes (*SNAI1*, *TCF4*, *TWIST1*, *FOXC2*, *IL1RN*, *MMP2*, *SOX10*, *WNT11*, *MMP3*, *PDGFRB*, *JAG1*) and a downregulation of 2 genes (*BMP7* and *TSPAN13*). Gene ontology revealed that many of the upregulated genes encode for proteins that are additionally involved in transcriptional regulation and inhibition of apoptosis. Furthermore, disease inference showed that several of the PRAME-differentially expressed genes are frequently dysregulated in ovarian and esophageal cancer. Thus, we explored the expression of PRAME in both solid cancer types using the TCGA data repository and found a significant increase in *PRAME* expression in the tumor tissues compared to normal tissues. Among the PRAME-associated upregulated genes, we identified the established EMT transcription factors *SNAI1* and *TWIST1* as well as several newly implicated factors. SNAI1, TWIST1 and ZEB1 are the master regulators of the epithelial-to-mesenchymal transition that repress the expression of E-cadherin, and activate genes that contribute to the mesenchymal phenotype including N-cadherin, MMP2, MMP9 and each other \[[@CR42]\]. We were able to demonstrate that PRAME manipulation alters the RNA expression of all 3 regulators, and in addition strongly affects the protein expression of ZEB1. More recently, additional transcription factor families have been identified as regulators of gene expression reprogramming during EMT, including the forkhead box (FOX), SRY box (SOX) and T-cell factors (TCF) transcription factors. In accordance, we observed an upregulation of *FOXC2*, *SOX10*, and *TCF4* in addition to *Wnt11* and *JAG1* after PRAME overexpression. These transcription factors are key players in the Notch and Wnt signaling pathways which are often dysregulated in cancer; thereby regulating stem cell maintenance, cell differentiation and growth \[[@CR43], [@CR44]\]. FOXC2 expression is upregulated during EMT by SNAI1 and TWIST1, and enhances migration and invasion by increasing the expression of the mesenchymal markers vimentin and N-cadherin \[[@CR45]\]. Interestingly, unlike SNAI1 and TWIST1, FOXC2 did not repress E-cadherin expression in canine kidney epithelial cells but redistributed E-cadherin from the cell surface to the cytosol. These findings are in line with our observations that PRAME overexpression redirects E-cadherin expression to punctate cytosolic structures. In addition, JAG1 and SOX10 can induce mesenchymal features, and have been found to promote the migratory and invasive abilities of breast cancer cells \[[@CR43], [@CR46]\]. Of note, both molecules have been found at significant higher levels in the aggressive, metastatic triple negative breast cancer subtype compared to other subtypes \[[@CR47], [@CR48]\]. This supports our hypothesis that PRAME, and its network, might play an important role in the acquisition of cellular traits that confer the aggressive behavior of triple negative breast cancer. As such, PRAME harbors potential as a prognostic biomarker or therapeutic target for this specific subgroup of breast cancer patients. Furthermore, upregulation of *TCF4* could partly explain the observed PRAME-mediated EMT through increased activation of the TCF4/β-catenin transcriptional complex resulting in increased expression of ZEB1, followed by reduced E-Cadherin expression and increased vimentin expression \[[@CR49]\]. We observed an upregulation of *Wnt11* that previously has been shown to increase cell proliferation, migration and invasion in breast cancer \[[@CR50]\]. Together, our data suggest that select transcription factors may be downstream effectors of PRAME, contributing to the acquisition of mesenchymal traits. In addition to an upregulation of transcription factors, we found an increased expression of *IL1RN* and the matrix metalloproteinases *MMP2* and *MMP3* in PRAME overexpressing breast cancer cells. IL1RN encodes the endogenous IL-1 receptor antagonist that binds the IL-1 receptor, thereby modulating the activity of the pro-inflammatory cytokine IL-1. Upregulation of IL1RN has been demonstrated in various tumor types in association with increased cell proliferation and a higher risk of metastasis \[[@CR51], [@CR52]\]. Increased expression of MMP2 and MMP3 could further propagate a more motile mesenchymal phenotype through degradation of the extracellular matrix, cleavage of cell surface E-cadherin and indirect transcriptional activation of Snail \[[@CR53]\].

Mechanistic analyses revealed a downregulation of *BMP7* and *TSPAN13* after overexpression of PRAME. Previous studies have demonstrated an important role for BMP7 in the maintenance of an epithelial phenotype by induction of MET and inhibition of TGFβ1-mediated cell proliferation and metastasis \[[@CR54]\]. Furthermore, reduced expression of BMP7 in breast cancer has been correlated with increased risk of specifically bone metastases \[[@CR55]\]. TSPAN13 expression is significantly reduced in estrogen negative, Her2 negative and basal-like breast tumors \[[@CR56]\]. Ectopic expression of TSPAN13 in breast cancer cells has been reported to inhibit anchorage independent growth, increase apoptosis and reduce invasion \[[@CR57]\]. Thus, the downregulation of both *BMP7* and *TSPAN13* in conjunction with the upregulation of aforementioned genes strongly supports a tumor-promoting role for PRAME.

Conclusions {#Sec27}
===========

We demonstrate that PRAME facilitates the transition to a mesenchymal phenotype through reprogramming of several EMT-genes, resulting in enhanced migration and invasion of triple negative breast cancer cells. Moreover, increased PRAME expression was correlated with a worse survival, further supporting its clinical value as a prognostic biomarker and/or therapeutic target in cancer.
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